[1] We have examined the electric field observations made by the Geotail spacecraft in the near-Earth magnetotail during magnetic storms to study enhanced convection and the associated electric field that is thought to be key to causing the injection of particles into the ring current. Several recent modeling studies of the storm-time ring current suggest that an enhanced convection electric field in the magnetosphere, which is induced by a continuous southward interplanetary magnetic field (IMF), is responsible for steady particle transport into the inner magnetosphere during the storm main phase. The enhanced convection is envisioned to weaken, or cease after the main phase in response to the decrease of southward IMF, leading to the formation of a relatively symmetric ring current around the Earth during the recovery phase. However, surprisingly, our present study has not found clear evidence for the existence of such a large, steady earthward convection during either the storm main phase or the recovery phase. The observed electric field properties in the near-Earth plasma sheet are basically classified into two categories: One is characterized by intermittent bursts of fluctuating duskward electric fields associated with substorm expansions, and the other is dominated by a relatively steady, weak duskward electric field. The weak strength of the convection electric field in the latter category is seen even during storm main phase. The statistical study on this relatively steady, weak field shows that it has a weak duskward component of $0.3 mV/m on average during both the main and recovery phases, which is almost comparable to that observed during quiet times. Their comparison with the solar wind parameters and the polar cap potential drop calculated using the Boyle model and Weimer model reveals that the weak duskward electric field tends to show poor correlation with these parameters, suggesting that storm-time convection electric field in the plasma sheet is not directly driven by either of them. These results imply that in the near-Earth plasma sheet beyond geosynchronous distance, particle injection for the storm-time ring current is not governed by enhanced convection induced by the solar wind, contrary to conclusions based on simulation studies of the storm-time ring current. The present study suggests the importance of re-examining the contribution to the ring current from the near-Earth plasma sheet for both substorm and nonsubstorm time intervals on the basis of observations made in the magnetosphere.
Introduction
[2] Magnetic storm has been defined as a depression ($ a few hundred nT) in the H component of geomagnetic field lasting over some tens of hours [Kamide et al., 1998, and references therein] . That significant decrease was explained by Singer [1957] as the effect of a ring current carried primarily by energetic (10 -200 keV) ions [e.g., Frank, 1967; Smith and Hoffmann, 1973; Williams, 1980 Williams, , 1987 which appeared in the region of L $ 3-6 during the growth of the storm main phase. The storm recovery phase results from the decay of these particles, mainly due to their charge exchange process with neutral atoms. Two processes have been proposed to explain the buildup of the ring current during the storm main phase empirically and theoretically. One of these processes is the particle injection associated with substorms [e.g., Kamide and Fukushima, 1971; Lui et al., 1987] . As evident from numerous observational studies at geosynchronous orbit [e.g., Akasofu et al., 1974; Knipp and Emery, 1997] , energetic particle injections are frequently observed on the night side of the Earth throughout the storm main phase. Thus one can interpret the ring current development to be caused by a rapid sequence of substorm injections that energize and transport ions to the inner magnetosphere where they form the storm-time ring current.
[3] However, those substorm injection studies also indicated the lack of correlation between the substorm injection activity and the detailed time variation of the Dst index, which is thought to represent the total energy content of the ring current [Dessler and Parker, 1959; Sckopke, 1966] . This issue has been discussed extensively as the storm-substorm relationship [e.g., Reeves and Henderson, 2001] . These results have shifted attention to the mechanism of particle transport driven by enhanced convection as a primary cause of storm-time ring current buildup. The idea of this hypothesis is that the duskward electric field in the solar wind (caused by a strong southward interplanetary magnetic field (IMF)) directly induces a large-scale, strong duskward electric field in the magnetotail, and it drives the earthward particle injection for the ring current development. The expected correlation between the solar wind electric field and Dst was confirmed statistically by Burton et al. [1975] . Wolf et al. [1997] performed a self-consistent simulation of enhanced convection to examine its effect on the ring current development. This effect of enhanced electric field on the injection of storm-time ring current particles has been extensively studied by the numerical modeling [Chen et al., 1993; Fok et al., 1996 Fok et al., , 1999 Fok et al., , 2001 Ebihara and Ejiri, 2000; Jordanova et al., 1994; Liemohn et al., 1999; Kozyra et al., 1998a Kozyra et al., , 1998b . In the simulations, a relatively steady enhanced convection electric field is introduced as a driver of particle injection during storm main phase. The simulations have succeeded in reproducing some of actually observed variations of Dst as well as basic properties of the storm-time ring current. Here the ''relatively steady'' convection means that the electric field driving convection is controlled by the solar wind and the interplanetary magnetic field (IMF) and varies slowly on the timescale of $ several hours, which is compared to the fairly time-varying, bursty electric field associated with a substorm activity with the timescale of a few to tens of minutes. Ebihara and Ejiri [2000] simulated the ring current by using a Volland-Stern-type electric field [Volland, 1973; Stern, 1975] with its intensity depending on observed solar wind electric field. They showed that the convection electric field associated with the southward IMF controls dominantly the particle injection to the ring current and that the switching on/ off of the enhanced convection produces the main and recovery phases as observed in Dst.
[4] Several observational studies concerning the electric field have been made to examine the characteristics of the storm-time electric field, mainly in the inner magnetosphere. Since a storm main phase usually accompanies a somewhat steady condition of southward IMF, it is expected that there exists a steady earthward convection in the magnetosphere whose intensity depends on the magnitude of the solar wind electric field estimated from the product of the southward IMF component and the solar wind velocity. Past studies using direct measurement of the electric field [e.g., Maynard et al., 1983; Baumjohann and Haerendel, 1985; Rowland and Wygant, 1998; showed that the typical values of the electric field for quiet time to disturbed conditions ranges between small fractions of a mV/m to several mV/m in the duskward direction at L = 2 -6, and their average is positively correlated with geomagnetic activity. However, it was also shown that the unaveraged electric field is highly variable especially during disturbed conditions and the timescale of those variations is from several to tens of minutes. This fact suggests that at least part of the electric field in the inner magnetosphere is apparently governed by the time-varying inductive electric field, perhaps associated with substorm activities, rather than the slowly varying convection electric field in association with the solar wind-IMF condition. In addition, measurements reported by Wygant et al. [1998] revealed that the electric field is often much stronger earthward of L = 4-5 than at positions more distant than L = 6. This result may pose a challenge to the concept of the penetration of convection electric field into the inner magnetosphere from the outward region. These observed features seem to be inconsistent with what is expected from enhanced convection which has been assumed in many ring current simulations.
[5] According to the hypothesis of enhanced convection, we can expect that there exists a strong convection electric field also in the near-Earth plasma sheet during storm main phase and that it is closely correlated with the solar wind -IMF condition. To examine these expected electric field features, in the present study, we take an approach of using in situ measurement of the electric field in the near-Earth plasma sheet obtained by the Geotail spacecraft. Geotail has been orbiting around the Earth with perigee and apogee distances of $9 R E and 30 R E , respectively, and observed the near-Earth plasma sheet quite extensively during 1994 to the present. This extensive period enables us to conduct a statistical study on the storm-time electric field based on a substantial number of magnetic storm events, including the separation of storms into storm main phase and recovery phase events. This separation is required since numerical simulations of the ring current predict that the enhanced convection is driven only during the main phase. We show that the electric field in the plasma sheet during storm times can be categorized into the two regimes: one regime comprises fluctuating electric fields with large amplitudes which is likely to be associated with some disturbances in the plasma sheet, such as a substorm, while another comprises periods of relatively steady duskward electric field during the rest of the time intervals of the former regime, which is considered to be the enhanced convection driven by the solar wind -magnetosphere coupling during storm times. Our statistical study shows that, surprisingly, the latter component is fairly weak and does not depend either on the solar wind electric field or the polar cap potential drop, implying that such an electric field in the near-Earth plasma sheet is not directly driven by the solar wind.
Case Study
[6] We begin by showing a typical event during which Geotail observed the electric field in the near-Earth plasma sheet in association with a magnetic storm that occurred on 10 October 1997. Figure 1 shows SYM-H and ASY-H indices (top) and the IMF-Bz component observed in the upstream region by the Wind spacecraft (bottom). Figure 1 (bottom) shows that IMF-Bz dropped rapidly around 17 UT on 10 October and stayed around À10 nT until 0400 UT on the following day, except for a temporary excursion to about 0 nT during 1900 -2100 UT on 10 October. Then it increased gradually and turned positive (northward) about at 0800 UT on 11 October. In association with this southward IMF interval, SYM-H started to decrease at about 1700 UT on 10 October and hit its negative peak ($À140 nT) around 0300 UT on 11 October, indicating a duration of the storm main phase of about 10 hours. As the southward IMF became smaller, SYM-H started to recover and formed the storm recovery phase that lasted until the middle of 12 October.
[7] During the main phase of this storm, Geotail was traversing the magnetotail at a geocentric distance of $14 R E and observing the near-Earth plasma sheet in the postmidnight sector. The top plot of Figure 2 shows the X (thick curve) and Z component (thin curve) of the magnetic field (Bx, Bz) measured by the MGF instrument [Kokubun et al., 1994] during 2100-2400 UT on 10 October. These magnetic field components are shown in the satellite coordinates (SC), which is essentially equivalent to the Geocentric Solar Ecliptic (GSE) coordinates. Note that this time interval occurs at a time near the center of the storm main phase shown in Figure 1 . During most of this period, the Bx and Bz components had values comparable to each other, indicating that Geotail stayed in the central portion of the plasma sheet. The only exception occurs around the current sheet crossing at about 2200 UT, where the associated polarity of Bz changes, and where occurred a flow reversal of the sunward ion bulk velocity (Vx) plotted in Figure 2 (middle) as observed by the LEP instrument [Mukai et al., 1994] . These observations suggest that the spacecraft passed through the region in the vicinity of a reconnection site. We briefly checked ground magnetograms (not shown) and found that a substorm expansion took place in association with this flow reversal event.
[8] The substorm-associated feature can also be seen as a fluctuating electric field with large amplitudes, which is due to an inductive electric field associated with dipolarization of the magnetic field [Lui et al., 1988; Lopez and Lui, 1990; Wygant et al., 1998; Fairfield et al., 1998; Angelopoulos et al., 1999] . In the bottom plot of Figure 2 , the variation of the duskward electric field is shown by plotting the Ey component (solid curve) of the DC electric field observed by the EFD instrument [Tsuruda et al., 1994] . The large (dEy $ several mV/m) fluctuation was observed in Ey during this flow reversal event. On the other hand, the DC electric field measurement shows that the duskward electric field is somewhat small (Ey $ a few to several 10 À1 mV/m) and quiet without large fluctuations during the rest of the time interval.
[9] Since the time interval studied here is well within the storm main phase, the electric field observed in the plasma sheet should be composed with the enhanced electric field somehow constantly driven by the steady southward IMF, and the short-lived, inductive electric field associated with substorm activities. Because the latter electric field component is so bursty and intensive to dominate the former when it exists as shown in the previous paragraph, the electric field during the rest of the times without the large fluctuations is considered to represent the enhanced convection electric field driven by the southward IMF. In the present case, this corresponds to the relatively stead, duskward electric field. In the present study, we will concentrate ourselves on these periods of the steady duskward electric field during which we expect to see the convection electric field in the plasma sheet during storm main phase. Since the magnetic field has a positive Bz component in the plasma sheet as observed, this electric field with a net duskward component does drive an earthward convection. However, this convection electric field is somehow small; its magnitude is $0.4 mV/m, which is as small as convection electric field (0.1 -0.3 mV/m) in the plasma sheet during quite times as reported in past studies [Angelopoulos et al., 1993; Hori et al., 2000] . This observation provides a first hint that the strong convection electric field expected from the hypothesis of enhanced convection during storm main phase actually may not exist in the near-Earth plasma sheet.
Statistical Study
[10] In order to examine if the storm-time electric field in the near-Earth plasma sheet is dominated by such a weak duskward component, we have made a statistical study by using the Ey component measured by EFD during magnetic storms. First, by visually inspecting the plots of SYM-H indices, we identified all magnetic storms (minimum SYM-H < À50 nT) for Year 1994 -2002 when Geotail was observing the near-Earth plasma sheet for R > 9 R E (the orbital perigee distance of Geotail), À5 > X > À15 R E , jYj < 10 R E , and when the ion beta (the ion thermal pressure divided by the magnetic pressure) >0.5. With this procedure we identified 21 main phase and 18 recovery phase events. Here we define a main phase as a time interval from the start of the decrease in SYM-H through its minimum. A recovery phase is operationally defined as a 3 hour period starting 2 hours after the SYM-H minimum. This procedure is used to avoid taking the wrong end time of main phase which can be caused by substorms around the SYM-H minimum [e.g., Ohtani et al., 2001] . For the same reason, the Ey component studied here is averaged over each 20 min interval to smooth out large fluctuations of Ey which are associated with the plasma sheet disturbances, such as a substorm, allowing us to concentrate our analysis on the convection electric field unaffected by those temporal disturbances as much as possible. As seen in Figure 2 , a typical duration of those fluctuating electric fields is $ a few tens of minutes. The average positions of Geotail for each utilized 20 min period during the selected main (red squares) and recovery phase (blue squares) events are plotted on the 4°aberrated GSM (AGSM) X-Y plane in Figure 3 . The solid black circle shows the geosynchronous orbit for spatial reference.
[11] Caution should be taken on using the Ey data of EFD because it is known that the Ey measurement of EFD contains an offset and is also affected by a variable gain of the antenna deployed on the instrument. The offset and the gain both change depending on the ambient plasma environment. To estimate these parameters and obtain a true Ey value, a correlation study has been made between Ey and (ÀVxB)y by using all data obtained during 1994 to 2002. As a result, the calibration table as a function of the ambient plasma density and temperature has been established to obtain accurate Ey measurements (Y. Kasaba et al., Evaluation of DC electric field measurement by the double probe system aboard the GEOTAIL spacecraft, submitted to Advances in Space Research, 2005, hereinafter referred to as Kasaba et al., submitted manuscript, 2005) . In the present study, we used Ey values corrected by the calibration tables, and we find that the resulting values are essentially equivalent to (ÀVxB)y within an error of 0.2-0.4 mV/m. This error comes from the error of the Ey measurement of EFD as well as the error of the V measurement on LEP and cannot be corrected. However, the above calibration study has shown that this measurement error happens randomly and has no systematic tendency. Thus it is expected that this error does not put any bias on a median value of Ey that we use in the following statistics, solely emerging as a component in the standard deviation. The calibration for the Ex (sunward) component is still under way. Therefore in this study we use only the Ey component.
[12] Here we compare the observed duskward electric field with some theoretical and empirical models as well as other observations. The Volland-Stern (V-S) type models have been used in some past simulations of the storm-time ring current. Thus it is interesting to compare the present observations to that model, whether or not one subscribes to that model for the region of out measurement. With this model we used a shielding factor of 2 and the factor of the field intensity substituted with the empirical formula of the polar cap potential drop obtained by Boyle et al. [1997] , as was done by Ebihara and Ejiri [2000] . The solar wind parameters observed upstream are averaged for each storm main or recovery phase event and are substituted into the Boyle model. By using this model, we calculated model electric field values at the average position of each 20 min interval over which the observed Ey in the plasma sheet were averaged. Figure 4a shows the comparison between the observed ones and the V-S electric fields for the main phase events. In Figure 4a , we plotted, against the calculated V-S Ey, the averaged Ey as well as the Y component of (ÀVxB) using red and blue circles, respectively, where V and B are the simultaneously observed ion bulk velocity and magnetic field, respectively. The green curve represents points in Figure 4 at which the observed and estimated Ey have a same value. As seen from Figure 4a , although the Figure 2 . We have briefly checked their substorm association for each event by visually inspecting ground magnetograms and the aurora images obtained by the Polar spacecraft if available. For some of the events, however, the substorm activities were not clearly identified, mainly due to the highly disturbed features on the magnetograms or aurora images during storms. For those events, we confirmed with the Geotail observation that, at least, they were accompanied by dipolarization of the magnetic field or bursty bulk flows which are typical signatures of substorm in the near-Earth plasma sheet [Fairfield et al., 1998; Angelopoulos et al., 1999] . However, we are also aware of the fact that these signatures do not necessarily always have one-to-one correspondence with substorms [e.g., Ohtani et al., 2002] . Therefore, hereinafter we refer to those time intervals with large Ey fluctuations simply as the intervals of turbulent electric field. During these time intervals, especially during substorm, a time-varying electric field is expected to overwhelm the convection electric field, since the former electric field can be as large as several to tens of mV/m [e.g., Fairfield et al., 1998 ]. Therefore our analysis here is concentrated on the major part of the Ey distribution in Figure 4 , which we believe represents the convection electric field induced in the plasma sheet during storm times.
[14] It is found that the observed electric field typically has an Ey component of $0.0-0.5 mV/m in the nearEarth plasma sheet, with an average of about 0.3 mV/m. As indicated in the case study, this value of Ey is nearly as small as it is during quiet times. It is also revealed that the V-S model gives Ey values of 1 -2 mV/m in the nearEarth plasma sheet for the periods studied here and always overestimates them as compared to the observed Ey $0.3 mV/m on average. This comparison clearly indicates that ring current modeling studies by using the V-S model would significantly overestimate the amount of particles supplied to the ring current region by this modeled enhanced convection.
[15] It is expected that the discrepancy between the observed Ey and the V-S Ey may be attributed to the radial dependence of the V-S model by which the shielding effect of convection electric field in the inner magnetosphere is incorporated into the model [Stern, 1975] . Since the V-S electric field becomes monotonically larger with increasing radial distance with the well-accepted value of shielding factor, 2, the field intensity may be unrealistically large in the outer magnetosphere. Some of past studies [Ejiri, 1981; Kaye and Kivelson, 1981] suggested that the shielding factor tends to decrease with geomagnetic activity such as the Kp index, indicating that the shielding is less effective during geomagnetically active times. Figure 4b shows the comparison between the observed Ey and the V-S one both for the main and recovery phase events sampled within the radial distance of 11 R E . It is clearly seen that the observed Ey is much smaller than that predicted from the model even within R = 11 R E . This result is consistent with a similar comparative study with the V-S model done by Rowland and Wygant [1998] for the outer magnetosphere portion. Their statistical study based on the CRRES electric field measurement showed that the observed Ey becomes smaller with increasing radial distance, inconsistent with the mono- tonically increasing Ey with radial distance predicted by the shielded V-S model. From all of these studies it is concluded that it is inappropriate to use the shielded V-S model to describe the electric field in the outer magnetosphere during storm times.
[16] From the results and discussion in the last paragraph, we find it more reasonable to compare the present observation with model electric fields without the shielding effect. For this comparison, we use the electric field models developed by Boyle et al. [1997] and Weimer [2001] . These two empirical models are basically defined at the polar ionosphere and are needed to be mapped to the equator in order to compare with the present observation made in the equatorial region, for example, by using certain magnetic field models. However, not only the above electric field models but also recent magnetic field models, such as the Tsyganenko model [e.g., Tsyganenko, 1989] were derived statistically to describe the average feature of the field structures and thus might not be accurate for comparison with in situ magnetotail data obtained by the present study. Therefore we simply compare here the observed Ey with the polar cap potential drops predicted from the two models as well as the potential drops divided by the tail width in the dawn-dusk direction, which was also derived empirically by Shue et al. [1997 Shue et al. [ , 1998 . In this sense, the following comparison is to examine the general correlation between the model electric fields and the observed ones.
[17] First we show the comparison with the modeled polar cap potential drops together with the comparison with the simultaneously observed upstream electric field, which would be the most critical parameter for the model calculations. Figure 5a shows the dependence of the observed Ey during main (red circles) and recovery phases (blue circles) on the duskward electric field (ÀVsw Â IMF-Bz) in the solar wind. Here Vsw and IMF-Bz are the solar wind speed and the southward component of IMF, respectively, obtained by the Wind or ACE spacecraft. They are averaged over the time interval of each main or recovery phase event by taking into account the propagation time from the upstream spacecraft to the Earth. These averaged solar wind parameters are substituted into the Boyle and Weimer models to calculate the polar cap potential for each main and recovery phase periods. The variation of our observed Ey values with these derived parameters are shown in Figures 5b and 5c , respectively. Each group of circles lined up vertically in Figure 5 corresponds to each main or recovery phase event, since the solar wind parameters are averaged for each event as stated above. The red and blue curves with vertical bars represent median values of the observed Ey and their statistical errors around the medians (the standard deviation from the median divided by the square root of the sample number) for the main and recovery phase events, respectively, which are calculated for each of the four bins equally dividing the horizontal distributions of values. The reason why we use a median instead an average of Ey is that a median is not affected much by points with large jEyj associated with flow bursts or dipolarization as shown in Figure 2 , so that it can represent the Ey values of the relatively steady duskward electric field better than an average does.
[18] As expected, both the solar wind electric field and cross -polar cap potentials tend to have larger values for Figure 5a that the solar wind electric field for main and recovery phase events we sampled ranges from about À2.3 to 6 mV/m. On the other hand, the polar cap potential drops calculated from the Boyle and Weimer model shown on Figures 5b and 5c , respectively, are distributed from about 45 to 188 kV, from 40 to 125 kV, which ranges about a factor of 4 and 3, respectively. Surprisingly, however, it is evident from Figure 5 that the duskward electric field observed in the near-Earth plasma sheet does not depend on either ÀVsw Â IMF-Bz or the polar cap potential drop, but consistently has a small value with a median of $0.3 mV/m. This result indicates that the convection electric field in the near-Earth plasma sheet is somehow not affected much either by the solar wind electric field or the polar cap potential drop. Rather, its strength stays in the same level regardless of the corresponding storm intensity, which is known to be a positive correlation with the above two parameters statistically [e.g., Burton et al., 1975; Gonzalez et al., 1994] .
[19] The same implication can be seen from the comparison of Ey between main and recovery phases, shown by red and blue circles, respectively. It is known that the ring current develops during storm main phase because of particle injection into the inner magnetosphere. Also, when the injections cease, the ring current starts decaying, which forms the storm recovery phase. Therefore, as a driver of such particle injection, convection electric field is expected to be significantly stronger during main phase than recovery phase. However, again as seen from Figure 5 , the intensity of observed Ey in the plasma sheet does not differ much between main and recovery phases, suggesting that the switch of enhanced convection between main and recovery phase does not take place at least in the near-Earth plasma sheet investigated in the present study.
[20] The same result can be seen from the comparison between the observed Ey and the one calculated with the Boyle and Weimer polar cap potential drops divided by the tail width, as shown in Figures 6a and 6b , respectively. Here the tail width is derived as a distance between the dawn and dusk side magnetopause positions at the downtail distance of the Geotail position by using the magnetopause model developed by Shue et al. [1997 Shue et al. [ , 1998 ]. The solar wind parameters averaged for each time interval of event are substituted into the Shue model. In the same format as Figures 5b and 5c, red and blue circles represent the main and recovery phase events, respectively, and the lines with error bars show the medians of Ey values and their statistical errors, again representing the steadily induced convection electric field. The green curve shows points at which Geotail Ey and the modeled Ey have the same value.
[21] Although there are large scatters of points in the vertical direction, it is evident from Figure 6a that the median values of Geotail Ey are distributed within 0.2-0.4 mV/m and are smaller than those predicted from the Boyle model except for a region on the left edge for the recovery phases. Another important fact is that the median values of the observed Ey have similar values for the main and recovery phase events and also show poor dependence on those predicted from the Boyle model. The predicted Ey is distributed from about 0.2 to 0.8 mV/m, ranging about a factor of 4, while the median values of the observed Ey fall within the range of about 0.2 -0.4 mV/m. Again, it is suggested that the intensity of convection electric field in the near-Earth plasma sheet does not correlate well with the strength of the electric potential applied to the polar cap.
[22] On the other hand, the same result is less clear in Figure 6b where the comparison with the Weimer model is shown. Because the Weimer model tends to give smaller Ey values, apparently there is not significant difference between the observed Ey and the Weimer model value for most part of the event distribution sampled in the present statistics. This result shows that the duskward electric field in the plasma sheet is largely consistent in magnitude with those predicted by the Weimer model, at least, in this range of the polar cap potential drop (40 -125 kV as seen in Figure 5c ). Taking into account the fact that the Weimer model does a good job of predicting the energy spectra of the storm-time ring current in the inner magnetosphere [Kistler and Larson, 2000; Jordanova et al., 2001; Angelopoulos et al., 2002] , we find the Weimer model more realistic than the Boyle and V-S models to represent the electric field structure from the plasma sheet through the inner magnetosphere.
[23] However, we still find it hard to see that the observed Ey has a tendency to be proportional to the Weimer Ey, despite the overall consistency in magnitude between them. As you can see from Figure 6b 
Summary and Discussion
[24] In the present study, we have studied convection electric field in the near-Earth plasma sheet during magnetic storms by using the direct measurement of DC electric field onboard Geotail. The case study showed that the variation of the electric field in the storm-time plasma sheet can be classified into two modes: one is a highly fluctuating electric field with large amplitudes ($ a few to tens of mV/m) associated with the plasma sheet disturbances, such as a substorm, and other is a relatively steady, weak duskward electric field occupying the rest of time. The latter component is considered to represent the convection electric field during storm times, which is believed to be directly driven by the solar wind. However, the intensity of such a steady duskward electric field is surprisingly small ($0.3 mV/m on average), which is not so different in magnitude from those observed in the quiet time plasma sheet reported in past studies. The comparison with some electric field models showed that the observed weak duskward field is always much smaller than that predicted by the shielded Volland-Stern model, which is likely due to the fact that the shielded Volland-Stern model cannot be applied to the near-Earth plasma sheet. As compared to the VollandStern model, the Boyle model and Weimer model give a relatively better prediction for the duskward electric field in the plasma sheet. However, it seems that the observed duskward electric field is not correlated well with those model values which are dependent mainly on upstream conditions. This fact was also confirmed by comparing the observed Ey directly with the duskward electric field in the solar wind as well as the polar cap potential drop calculated with the Boyle model and Weimer model using the solar wind -IMF parameters. In the following discussion, we compare this result with other observational results and discuss its implication for particle transport to the ring current from the near-Earth plasma sheet during storm times.
[25] The observed weak Ey seems to be consistent with observational results reported by Rowland and Wygant [1998] . They made a statistical study on the Ey component of the electric field obtained from the CRRES satellite to get average duskward electric field values in the inner magnetosphere (3 < R < 8 R E , 1200 < MLT < 0400, MLT: magnetic local time) as a function of the Kp index. They showed that, for high Kp ($5-7) time intervals, Ey is larger in the inner region and becomes smaller with increasing distance from the Earth, resulting in a radial variation completely opposite to that of Volland-Stern type electric field [Volland, 1973; Stern, 1975] . According to their statistical result for high Kp, the duskward electric field is $0.3-0.4 mV/m on average at R = 8 R E . This Ey intensity is quite consistent with our results obtained in the nearEarth plasma sheet at R < $15 R E when one takes into account the fact that the storm intervals studied in the present study correspond to high Kp periods with an Wygant et al. [1998] showed in a companion paper that on the basis of a storm event the duskward electric field is larger in the inner region (L $ 3 -4) and becomes weaker at and beyond geosynchronous distance during both the storm main and recovery phase. A recent observational study using the Cluster-EDI data [Matsui et al., 2003 ] also showed that the westward (namely, duskward) electric field around local midnight is $0.2 mV/m on average at L = 9 -10 for the IMF-Bz < 0 interval. Although their result is a gross average of the westward electric field for all IMF-Bz < 0 interval available to their statistics, the obtained average value is comparable to the average Ey value obtained by the present study. This consistent result indicates that the duskward electric field in the near-Earth plasma sheet does not change so much in magnitude even during storm times, as compared to that during the simple southward IMF interval. Taking into account these observations both from the inner magnetosphere and the near-Earth plasma sheet, it is suggested that the duskward electric field during storm times, which is responsible for earthward particle transport, is somewhat weak (<0.5 mV/m) from the near-Earth plasma sheet to geosynchronous region, then becomes stronger (>1.0 mV/m) with decreasing distance from the Earth. In other words, this means that the weak convection electric field dominates down to the region around geosynchronous distance. The stronger electric field inside of that position may be generated by another mechanism, such as the coupling between the ring current and the ionosphere, as discussed by Wygant et al. [1998] .
[26] One may attribute this weak duskward electric field to the effect of substorm growth phase during storms. When substorm growth phase develops, the field line in the magnetotail is stretching tailward, and this motion of the field lines induces a dusk-to-dawn electric field in the plasma sheet [e.g., Fok et al., 1999] and might cancel the pre-existing duskward convection electric field. Actually, C:son Brandt et al. [2002] showed observationally by using energetic neutral atom (ENA) images that the ring current is decaying during substorm growth phase, which is consistent with the expected weakening of the duskward convection electric field. Therefore the weak duskward electric field observed in the present study could be partly explained by this effect. However, it is unlikely that this is always the case, because the observed duskward electric field in the plasma sheet stays weak almost always except during time intervals of the large Ey fluctuations, and it is hard to consider that the entire time interval of the weak field is solely associated with the substorm growth phase. The intensity of the observed weak duskward electric field tends to stay around a constant value during each main phase event, and, at least, we have not found any characteristic variation in the weak duskward electric field that could be in phase with a typical timescale of a substorm cycle ($ a few hours). Although a detailed analysis by separating the growth phase and the other phases is needed to address this effect on a firmer basis, we feel that the observed weak field does exist in the near-Earth plasma sheet regardless of substorm growth phase.
[27] The statistical result in the present study might be affected by the potential error of the Ey observation and the contamination of flow burst events to the statistics, which one may think eliminate the correlation of Ey with the solar wind electric field, or the polar cap potential drop in Figure 5 . However, the correlation study between (ÀVxB)y and Ey shows no clear dependence of the observed Ey error on (ÀVxB)y (Kasaba et al., submitted manuscript, 2005) . Thus it is unlikely that the Ey ambiguity affects the statistics somehow preferentially to yield the poor correlation of Ey values with the solar wind electric field and the polar cap potential drop. On the other hand, flow burst events in the plasma sheet, such as bursty bulk flows (BBFs) [Angelopoulos et al., 1994] , may cause a larger Ey value even after averaging for 20 min. However, it is expected that those flow bursts occur more frequently with larger flow velocities for geomagnetically more disturbed periods [Angelopoulos et al., 1994; Baumjohann et al., 1996] . Thus their contamination to the statistics would work rather for emphasizing a positive correlation of Ey with the solar wind electric field and the polar cap potential drop, not leading to a weaker correlation. Therefore we believe that the poor correlation shown in the present study is significant in spite of the possible ambiguities.
[28] It is of interest to see how the weak convection derived here affects the source region for the ring current particles. The near-Earth plasma sheet studied here corresponds to the outer portion of the source region for the ring current particles. On the other hand, the ring current simulations usually set their particle source at distances closer to the Earth, such as R $ 10-12 R E [Fok et al., 1999; Ebihara and Ejiri, 2000] , or around geosynchronous distance Liemohn et al., 2001; Fok et al., 2001] . Therefore the duskward electric field examined in the present study is expected to drive earthward particle transport to the source regions assumed in those simulation studies. In order to briefly discuss how the difference in the strength of the duskward electric field changes the earthward injection path of particles, here we performed simple drift path calculations with the guiding center approximation to examine how the observed weak duskward electric field affects protons which are being injected into the ring current region. Figure 7 shows equatorially projected drift paths of three protons which have pitch angles of 45°and energies of 40 keV at R = 5, 6, and 7 Re, respectively, in the dusk sector, consisting of the main part of the ring current there. Actually their drift motions are back-traced in time from these positions using the Tsyganenko 1989 magnetic field model for Kp = 5, back to R = 12 Re in the near-Earth plasma sheet. Three green curves show the drift paths under Volland-Stern electric field [Volland, 1973; Stern, 1975] for Kp = 5 with the shielding factor of 2 [Maynard and Chen, 1975] , which yields a duskward electric field of $1.0 mV/m at R = 10 R E in the midnight sector. It can be seen from Figure 7 that those protons come from the plasma sheet around the midnight sector. On the other hand, the red curves in Figure 7 are drift paths of the same protons when a constant duskward electric field of 0.3 mV/m is applied only for R > 9 R E as observed in the present study. One can see that, under this weak duskward electric field, those protons originate in a somewhat more dawnward region of the plasma sheet, because their earthward ExB drift speed is comparable to the gradient and curvature B drift speeds. The resultant drift vector is directed more duskward than it is in the former case in which proton drift is directed almost earthward even at R > 9 R E because of the fact that ExB drift is still dominant in the plasma sheet. Therefore this result suggests that protons consisting of the ring current in the evening sector come form the dawn side plasma sheet. It should also be noted that the net earthward transport speed by ExB drift is a factor of 3 smaller under this weak duskward electric field than that expected from VollandStern electric field for Kp = 5.
[29] When you take a closer look at the Ey distribution in Figures 4 , 5, and 6, it is seen that there still remains few, but significantly large ($ several to a few tens of mV/m) Ey values even after averaging for each 20 min interval for the main phase events. As discussed in a case study, these large Ey values come from the time periods of large Ey fluctuations associated with the plasma sheet disturbances whose primary cause we think would be substorms taking place frequently during storm times. Although Ey is oscillating down to a negative value at times, the net large ($ a few to several mV/m) duskward components that remain after averaging in time indicates that this turbulent electric field could cause earthward particle transport which is responsible for the ring current development during storm main phase. Its duration ($ a few to several tens of minutes) is shorter than that of the steady, weak duskward electric field ($ several hours) examined here, while it has by several times a larger net duskward component. Therefore the resultant amount of earthward particle transport caused by the turbulent electric field might be comparable to that caused by the steady electric field during the rest of time interval. For a more realistic estimate, however, the dawndusk width of the convection channel should be also considered carefully, because the turbulent electric field, such as those associated with substorms, may be formed only in a narrow region as expected from the observed spatially localized dipolarization of the magnetic field [Ohtani et al., 1998 ] as well as the narrow width ($3 R E ) of bursty flow channels observed in the near-Earth plasma sheet [Angelopoulos et al., 1997] . It is important that a quantitative study should be made on the basis of, not a model, but the observed electric field to examine how those two mechanisms contribute quantitatively to the storm-time ring current buildup. This task is left to be done in future work.
[30] It is important to reconcile previous studies suggesting an important role for enhanced convection in storm-time particle transport and our results suggesting a somewhat minor role for enhanced convection in the plasma sheet. From the point of view of the electric field, the present study shows that the dynamic features of the near-Earth plasma sheet during storm times are categorized into the two modes, that is, a turbulent interval and relatively quiet interval. This result is consistent with past studies [Baumjohann, 1996; Baumjohann et al., 1996] , in which these dynamic features were attributed to the disturbances caused by substorms. These results all together suggest that the storm-time plasma sheet can be interpreted to be still governed by local disturbances partly induced by substorm-related activities. Although our study shows that there exists a weak, but net duskward convection electric field during the quiet intervals mentioned above, at least, a steady earthward convection does not appear to be a predominant influence there. On the contrary, we also know that there have been a large number of studies concerning how enhanced convection, directly driven by the solar wind, can account for particle injection in the inner magnetosphere that is responsible for the variation of the storm-time ring current content [Ebihara and Ejiri, 2003, and references therein] . A hypothesis to reconcile these apparently inconsistent findings would simply require the coexistence of electric fields with different characteristics between the near-Earth plasma sheet and the inner magnetosphere. We speculate that the convection electric field and its associated earthward particle transport is still time-varying, more precisely speaking, the two transport modes for the turbulent and quiet intervals occur alternately in the plasma sheet (R > 9 R E ), however the eventual particle supply into the ring current region in the inner magnetosphere (typically at L = 3-6) is carried out by a more steady electric field in the inner magnetosphere (R < 9 R E ), which is closely correlated with the solar wind -IMF condition so that its particle injection directly controls the variation of the ring current content just as the enhanced convection hypothesis suggests. In other words, the storm-time convection electric field in the plasma sheet and that in the inner magnetosphere behave in a different manner: the electric field in the inner magnetosphere appears to vary closely along with the solar wind -IMF condition, while the tail electric field appears to be governed more by local dynamics in the plasma sheet, such as substorm activity, not by the upstream condition. Actually, Wygant et al. [1998] indicated that the large electric field in the inner magnetosphere (L = 2 -6) around local midnight during storm main phase is more steady and has larger timescales than BBFs have, indicating that the storm-time electric field in the inner magnetosphere and that in the plasma sheet are different in terms of the characteristics of time variations. They also showed that, in the inner magnetosphere, the electric field is quite larger during storm main phase and then readily weaken, or even reverse its direction during the subsequent recovery phase, in contrast to the poor correlation of the plasma sheet electric field with the storm phase revealed by the present study. This hypothesis implies that the ring current particle is not injected straightforwardly from the tail plasma sheet into the ring current region, but the electric fields of different characteristics cause the particle transport in a different way from the plasma sheet to somewhere in the inner region, and from that point to the ring current region, respectively; note that the hypothesis of enhanced convection implies rather a straightforward, seamless transport from the tail through the ring current region. From these spatially different electric fields, it is expected that the spatial distribution of particles is also not uniform from the tail through the ring current region but the transition region of these two transport manners, which would be located somewhere between the near-Earth plasma sheet and the ring current region, might have a different particle profile from either of that of the tail or the region of strong ring current at L $ 3 -5. In this case, the particle fluxes around this transition region would vary depending on the valance between the injected particles from the plasma sheet and those leaving for the ring current region from there.
[31] Because of the spatial adjacency, it is more reasonable to consider that the transition region would be a direct source region for the ring current particles, and the electric field in the plasma sheet would be responsible for the particle supply into that region, rather than the ring current itself. The present study shows that the steady, weak mode of the electric field in the plasma sheet does not change its intensity even when the storm main phase ceases and the recovery phase starts developing. This fact suggests that the tail electric field might provide particles rather constantly to the transition region even during the recovery phase and develop there a constant source for the ring current. This, in turn, leads to the idea described above that the eventual amount of the particle injection into the ring current is primarily controlled by the electric field in the inner magnetosphere, not by the tail electric field. One way to check this hypothesis would be to examine if the source particles that are being injected to the ring current are time varying uniformly from the near-Earth plasma sheet through the ring current region or not. It would be important to figure out the variation of particle fluxes both at the ring current region and at the transition region on the way from the plasma sheet to the ring current region, such as geosynchronous distance, independently and examine their correlation with the corresponding earthward particle transport that is observed in the near-Earth plasma sheet. Also needed to be done is to carry out the simultaneous electric field observations between the near-Earth plasma sheet and the inner magnetosphere on the night side during storm times to examine how the electric field behaves at the same time in the both regions.
[32] In relation to the above hypothesis, it is also important to examine if the particle injection to the transition region stated above is achieved by the combination of the particle injections driven by the turbulent electric field and the weak convection electric field studied in the present study, or only by the injection caused by the turbulent electric field during storm times (in this case, the total transport amount caused by the weak convection electric field is negligible compared to that caused by the turbulent one). If this turbulent electric field with large Ey amplitudes ($ several to a few tens of mV/m) is caused by the inductive electric field generated on the earthward side of the near-Earth neutral line as shown in simulation studies reported by Birn et al. [1997] , these electric field can be interpreted to be closely associated with substorm injection. Thus the above issue could be considered as the question of how mutually the substorm-associated injection and nonsubstorm injection contribute to the storm-time ring current injection. According to the comparative study of particle flux variations at geosynchronous orbit between storm-time and non-storm-time substorms reported by Reeves and Henderson [2001] , for storm-time substorms, the particle fluxes do not drop immediately, but stay at a high level even for several hours after each substorm injection, and the authors suggested that the enhanced particle fluxes for the first few hours are caused by substorm injection, then the somewhat constant particle supply caused by enhanced convection during the storm main phase is responsible for the high particle fluxes during the following hours. This result suggests that the substorm injections and the particle injection by enhanced convection result in a similar transport rate of particles from the plasma sheet to feed the geosynchronous region. This result may be rather consistent with the former possibility, that is, the weak duskward electric field discussed in the present study could yield a significant amount of the particle injection for the storm-time ring current comparable to that caused by the substorm injections. In order to examine this possibility, a quantitative comparison of particle transports caused by the two transport processes in the near-Earth plasma sheet would be essential to be done in future study. Also required is to examine systematically how the observed turbulent electric field is actually correlated with substorm injection.
